O record and attributed to the small amount of precipitation during that season and to wind erosion. The ion concentrations are comparable to those observed in Swiss glaciers, except for ammonium and formate, where enhanced concentrations indicate biogenic emissions from Siberian forests. Sulfate, ammonium and nitrate records all show anthropogenic impacts despite the remoteness of this site.
Introduction
[2] Pollution from human activities has affected most of the atmospheric environment. High elevated cold glaciers situated in mid-latitude regions are well suited for reconstructing atmospheric concentrations of trace species and to document the impact of humans on the environment. Ice core records from mid-lattitude alpine glaciers have provided unique insights into past atmospheric pollution [e.g. Wagenbach, 1989] . For example enhanced acidity, sulfate and nitrate concentrations were observed in the twentieth century and attributed to SO 2 and NO x emissions from fossil fuel consumption [e.g. Schwikowski et al., 1999a Schwikowski et al., , 1999b Preunkert et al., 2001] . Increases in agricultural activity and biomass burning produced elevated concentrations of ammonium during this time period [e.g. Döscher et al., 1996; Kreutz et al., 2001; Shugui et al., 2003] . Anthropogenic emissions also caused significant concentration changes of carbonaceous particles [Lavanchy et al., 1999] and heavy metals [e.g. Rosman et al., 2000] .
[3] Here we present an ice core record from the Altai mountain region. This area is located close to major sources of air pollution in East Kazakstan and South Siberia as well as the nuclear test site of Semipalatinsk (Figure 1 ). It is therefore assumed to be affected by emissions of SO 2 , heavy metals, and nuclear fallout. In addition, the Altai region is interesting for climate research, since it is highly continental with pronounced seasonality.
[4] In order to reconstruct air pollution levels in this very remote region, a deep ice core was drilled on the Belukha glacier (49°48 0 26.3 00 N, 86°34 0 42.8 00 E, 4062 m a.s.l.) in July 2001. This glacier is located on a saddle between the two summits of Belukha, the highest mountain in the Altai (4506 m a.s.l.), and is probably the only site suitable for paleo studies in this region.
Methods

Ice Core Drilling and Glaciological Survey
[5] Drilling of the 140 m long ice core was performed with the lightweight electromechanical device FELICS [Ginot et al., 2002] . The drilling site was carefully chosen based on the results of an exploratory study conducted in 2000 and on ice thickness measurements. It is located at the western margin of the glacier and is characterized by an unambiguous ice flow direction.
[6] During the two-week drilling campaign a glaciological survey of surface and bedrock topography was conducted. The surface topography was measured with a Garmin GPS system. Ice thickness was determined in the main part of the glacier, with special emphasis on the western side where ice core drilling took place. A lightweight radio echo system with a center frequency of 100 MHz was used. Calibrated NTC thermistors were employed to measure englacial ice temperatures in the borehole.
[7] For the duration of the drilling campaign, an automatic weather station (AWS) was installed on the glacier to measure air temperature, wind speed, wind direction and humidity every 30 min.
[8] Ice core sections up to 0.7 m long and with a diameter of 7.8 cm were recovered and sealed in polyethylene tubes in the field and transported frozen to Switzerland.
Chemical and Stable Isotope Analyses
[9] Samples from the ice core sections were prepared in a À20°C cold room at the Paul Scherrer Institute. Prior to sampling, visual stratigraphy was recorded and density measurements done. Outer parts of the ice core were used for tritium (depth resolution of 0.70 m for 0 -35 m, [Schotterer et al., 1998 ]) and 210 Pb analyses (depth resolution of 1.40 m for 0 -86 m, [Gäggeler et al., 1983] ). Inner ice core sections were sampled with 5 cm resolution for water-soluble species (sodium, ammonium, potassium, magnesium, calcium, fluoride, acetate, formate, chloride, nitrate, sulfate and oxalate) and d
18
O, and were analyzed down to 41 m using established techniques.
Results and Discussion
Glacier Characteristics
[10] Measured ice thicknesses ranged from 180 m at the saddle to about 40 m near the summit slopes and were 140 m around the drilling site. Most of the ice in the core was deposited along a 150 m upstream flowline starting at the bergschrund. The elevation difference is roughly 50 m so that a significant change in precipitation amount and composition is unlikely.
[11] The englacial temperature was constant at À17.25 ± 0.07°C between 25 and 75 m depth from readings of 7 different sensors. Model calculations of a similar highaltitude glacier showed that such an unusual temperature profile may be caused by heat fluxes towards steep rock faces, such as the partially snow covered north face of Belukha [Lüthi and Funk, 2001] . This part of the glacier belongs to the cold infiltration recristallization zone [Shumskii, 1964] .
[12] Meltwater-infiltration ice lenses up to 20 cm thick were observed in the ice core, suggesting that surface melting and subsequent refreezing might have occurred during warm summer periods. Average temperatures from the AWS were À4 ± 3°C (1s) during the day and À5 ± 3°C during the night (max: 2°C, min: À11°C), indicating occasional surface melting. The percentage of melt in the upper 30 m results as 17% after correction for firn densification [Tarussov, 1992] .
Nuclear Dating
[13] The tritium record shows a maximum at a depth of 18 m water equivalent (weq.) which is due to the maximum fallout from nuclear weapons testing in 1963 [Schotterer et al., 1998 ].
[14] The record of 210 Pb activity is shown in Figure 2 together with the calculated age [Gäggeler et al., 1983] and the tritium horizon. The age at 69 m weq. is 1862 ± 5 AD (expanded uncertainty with 95% level of confidence [ISO, 1995] ) and thus the mean annual net accumulation is 0.50 m weq.
[15] The two nuclear dating methods are in excellent agreement. In addition, the linearity of the decrease of the 210 Pb activity with depth (r 2 = 0.95) implies that the glaciochemical record is preserved and is not significantly altered by melting processes.
Oxygen Isotopic Composition
[16] The d 18 O record is presented in Figure 3 and shows a relatively high average value of À12% for this evelation (4062 m a.s.l.). At the nearby meteorological station Ak-kem (2000 m a.s.l., 7 km north of Belukha) precipitation during the summer months (June -August) dominates (58%) while winter precipitation (December -February) accounts only for 4%. This may partially explain the high average d 18 O value observed in the core and the absence of strong winter minima in the d 18 O record. In addition, at Ak-kem the mean annual precipitation (1991 -2000) is 0.53 m. Generally, the amount of precipitation is expected to increase with altitude, which is not the case at Belukha (0.50 m weq./year). This indicates that some portion of the fresh snow at this exposed saddle site may be wind eroded. 
Water-Soluble Ionic Species
[17] Table 1 shows median concentrations of the major water-soluble ions. In the Altai the primary anion and cation components are sulfate (50%), formate (23%), nitrate (21%), ammonium (57%) and calcium (32%).
[18] Good correlations (r 2 > 0.55; n = 662; r 2 from log. values) are observed between the ions ammonium, nitrate and sulfate as well as calcium, magnesium and sodium. Ammonium, nitrate and sulfate are related to anthropogenic emissions, whereas calcium, magnesium and sodium are originating from dust (from the arid and semi-arid regions of central Asia and even northern Africa [Liu et al., 1981; Parrington et al., 1983; Gao et al., 1992] ).
[19] Concentration levels in the Alps and in the Altai are comparable, except for formate and ammonium, where enhanced concentrations in the Altai suggest that there is an additional source from the Siberian forests.
[20] In ice cores, sodium and chloride are often attributed to a sea-salt origin, resulting in Cl À /Na + ratios close to 1.16 [Keene et al., 1986] . The significantly different average ratio at Belukha glacier (median Cl À /Na + of 1.0) as well as its strong fluctuation (s = 0.8) are likely caused by the high continentality of the area. Any long-range transport of coarse-mode sea-salt aerosol is highly unlikely, as it is also the case in Tien Shan, northwest China [Kreutz et al., 2001] . Wake et al. [1993] reported that sodium and chloride signals in the northeastern regions of the Tibetan Plateau could relate to monsoon precipitation but are effectively masked by sodium and chloride derived from the arid and semi-arid regions in China. Sodium in Belukha glacier could additionally originate from evaporite deposits (halite) in the arid regions of the northern and western Tibetan Plateau [Shugui et al., 2003; Kreutz et al., 2001] and chloride from coal combustion.
[21] In order to extract trends from the concentration records, annual averages were calculated based on the 210 Pb-dating (Figure 4 ). For calcium (also representative for magnesium), formate (representative for oxalate) and sodium (not shown) these values fail to show a discernable temporal trend. In contrast trends that might be due to anthropogenic activity in the former Soviet Union are observed for sulfate, nitrate, chloride and ammonium. These are not due to changes in the accumulation rate since in this case all species would have been affected similarily.
[22] Terrestrial dust has been postulated as the main source of sulfate and nitrate in Tien Shan snow [Wake et al., 1990; Williams et al., 1992; Sun et al., 1998; Kreutz et al., 2001] . The differing temporal trends observed for sulfate, nitrate and calcium suggest that dust is not the only source of those two anions in the Belukha region. Anthropogenic sulfate was observed in snow from northwest China [Wake et al., 1992] and in snow throughout the former Soviet Union [Belikova et al., 1984] . The maximum (about 1975) observed in the sulfate record from Belukha suggests that at least part of the sulfate originates from SO 2 emissions. Annual nitrate averages show an increasing trend from 1965 to 1975 which is likely due to the growth of traffic and the associated rise of the emission of precursor gases NO x .
[23] The ammonium signal recorded in the Altai ice core is primarily attributed to biogenic emissions, biomass burning and anthropogenic emissions related to agricultural activities (e.g. livestock and the use of nitrogen-rich fertilizer). [24] In conclusion, the glaciochemical data presented here indicate that the Belukha glacier provides a probably unique archive of atmospheric and environmental conditions in central Asia.
